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Abstract: Waterholes in semi-arid environment are sections of rivers that fill during high
river flows or floods and keep water once flow ceases. They are essential water sources for
rive ecosystems. Some waterholes remain even during prolonged droughts. The resilience
of ecosystems in these environments depends on the persistence of the waterholes. While
most semi-arid, ephemeral river systems are disconnected from regional groundwater
and losing in most parts there may be some sections that can be connected to localised
groundwater or parafluvial areas. To assess the persistence of waterholes the groundwater
contribution to the water balance needs to be addressed. This study assesses groundwater
connectivity to waterholes in a part of the Murray-Darling Basin, one of the largest water-
sheds in the world, using environmental tracers radon and stable isotopes. Approximately
100 samples were collected from 27 waterholes along the Narran, Calgoa, Barwon and
Darling rivers, as well as 8 groundwater bore samples. The assessment of groundwater
connectivity or the lack of is necessary from water balance modelling and estimation of
persistence of these waterholes. As expected, the results indicate consistently low radon
concentrations in the waterholes and very small deviation in stable isotopes δ18O and
δ2H. In general, most of these waterholes are losing water to groundwater, indicated by
low salinity (EC values) and low radon concentrations. While radon concentrations are
small in most cases and indicative of little groundwater contributions, some variability
can be assigned to bank return and parafluvial flow. It indicates that these contributions
may have implications for waterhole persistence in ephemeral streams. The study demon-
strates that in some cases local bank return flow or parafluvial flow may contribute to
waterhole persistence.

Keywords: waterholes; groundwater/surface water; river bank storage; inland freshwater
lens; radon; stable isotopes; Queensland; New South Wales; Darling river; Australia

1. Introduction
Ephemeral rivers and streams are common landscape features in arid and semi-arid

environments across the globe. Approximately half of the global streams and rivers are
ephemeral or non-perennial, which means that flow ceases for certain periods throughout
the year, resulting in highly variable and transient storage in these systems [1–4]. Hence,
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there is a fine balance in sediment and nutrient transport and recycling as well as water
storage across the hydrological compartments in these systems [5]. They consist of the
stream channel, the banks, the floodplains and regional aquifers. The latter are of minor
importance as groundwater levels are often below the riverbed in arid and semi-arid envi-
ronments, and therefore, the stream is rather losing water to the regional groundwater than
gaining. Local exceptions may occur where, for example, regional artesian aquifers out- or
subcrop the riverbed or when flow along faults contribute to the stream discharge [6]. Most
of the water storage in ephemeral streams is therefore concentrated in the channel itself,
the river banks and the floodplain providing a temporal storage [7]. This is subsequently
returned to the stream when river levels decline [8]. Waterholes on the other hand retain
residual stream water after flow has ceased, building up series of pools along the stream
network [9]. In arid and semi-arid environments, these waterholes are arguably one of the
most important water sources as they provide water for riparian vegetation, native fauna
as well as being refugia for aquatic ecosystems. Furthermore, they have significant eco-
nomic and social value for the local population and are culturally important for indigenous
populations [10].

The rivers of Australia are among the world’s most seasonal, many having more than
80% of their total annual streamflow during the peak flow periods [9]. During prolonged
drought periods, rivers dry into a series of waterholes which are an important resource for
agriculture, town water supplies, industry and other human consumptive uses. Similarly
to other semi-arid locations globally, they also serve an important ecological function by
providing refuge habitat for aquatic organisms during prolonged periods without surface
flow. It is for these reasons that waterholes have been identified as important environmental
assets in a number of locations, including the northern Murray–Darling Basin [11].

A key indicator for waterholes and their ability to serve as ecosystem refugia is their
persistence time [12]. The persistence time is the duration waterholes retain water in
the absence of flow [13]. It is a function of how much water is held as flow stops, the
time since flow stopped, hydrological processes, such as water loss and gain through
rainfall, groundwater inputs, seepage loss and evaporation and the morphology of the
channel, especially the depth [12]. Quantifying these processes allows determining how
long waterholes can persist through hydrological modelling. Anthropogenic activities
and water resource development have altered the arid landscape hydrological systems
and changed the frequency and magnitude of flow events through weirs and locks, thus
impacting how often waterholes are formed and re-filled. Impacts from climate change are
another factor altering the hydrology of the systems. As evaporation is one of the largest
loss terms, increased evaporation will most likely lead to faster declines of waterholes in the
future [10]. A large unknown in waterhole persistence is their connection to groundwater.
Many ephemeral streams are losing streams but may be gaining in some parts of the stream
network through processes described above [9]. Most importantly bank return flow and
fresh water lenses within the floodplains have the potential to contribute to the water
budget of waterholes [7,14].

An accurate understanding of groundwater contributions to the riverine water balance
are especially necessary within dryland regions, where surface water resources may dimin-
ish during low flow to poorly connected (or disconnected) waterholes [15,16]. These are
essentially enlarged channel segments capable of holding larger volumes of water; however,
their persistence (and therefore vulnerability) during dry periods may greatly vary as a
function of size, shading and potential groundwater connectivity [17]. A critical question
is therefore the degree to which groundwater interacts with these waterholes, and the
mechanisms by which this occurs. Cendon et al. (2010) [18] suggested that some interaction
of waterholes with freshwater lenses and riparian groundwater is physically plausible;
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however, the absence of groundwater bores to determine local or regional groundwater
gradients make it difficult to determine the degree of interaction between the waterhole
and groundwater. Studies in dryland river systems in Australia have shown a wide variety
of potential interactions with groundwater, from strongly losing to gaining conditions from
perched aquifer systems [19], losing but connected [18], and even to gaining conditions [20].
These factors are little studied for waterholes.

While hydraulic gradients between riparian groundwater and the surface water body
are good indications for exchange, geochemical tracers, such a major ions or isotopic
tracers are excellent tools to determine groundwater contributions to streams. The different
geochemical tracers have potential advantages and disadvantages, for example, major
ion concentrations and stable isotope ratios are relatively easy to measure and are often
measured as part of general water quality studies; hence, databases with time series
measurements may exist for some regions [21]. The principle of these methods is that
there are distinctly different concentrations of a tracer in the groundwater and the surface
water which can be used to determine mass fluxes from one to the other. Physico-chemical
processes in the waterhole, such as evaporation, mineral precipitation, or biogeochemical
processes may also alter the water chemistry, which need to be assessed and corrections
need to be applied. However, providing that groundwater and surface water have distinct
geochemical concentrations, changes in concentration of that component in the river may
be used to define the distribution of gaining and losing river reaches and to quantify
groundwater inflows in gaining reaches [22,23].

Radon (222Rn), which is part of the Uranium (238U) to Lead (206Pb) decay series, is
commonly used for quantifying groundwater inflows to rivers. Radon has a half-life
of 3.8 days and the activities in groundwater reach secular equilibrium with its parent
isotope radium (226Ra) over a few weeks [24]. As the concentration of radium in minerals
is several orders of magnitude higher than dissolved radium concentrations in surface
water, groundwater radon activities are commonly two or three orders of magnitude
higher than those of surface water [23–26]. This makes radon a potentially useful tracer in
catchments where groundwater and surface water have similar major ion concentrations
or stable isotope ratios, which is often the case with regards to riparian groundwater or
freshwater lenses as a potential source [27]. Due to the fact that radon activities reach
secular equilibrium with the matrix radium within a few week, radon concentrations are
generally high in even relatively recently recharged groundwater, whereas rainfall has very
small radon activities.

Radon has been used as a tracer for surface water/ groundwater interactions for
decades but studies in arid and semi-arid environments are scarce. Cartwright et al.
(2014) [28], for example, demonstrated sections of groundwater return flow to the Murray
River in Victoria using radon. Bourke et al. (2014) [29] demonstrated the use of radon
to assess parafluvial flow in ephemeral streams in Western Australia. Gilfedder et al.
(2019) [30] showed on an example from the Avon River in Victoria, Australia, and a
modelling approach the usefulness of radon as a mean residence time estimator for bank
return flow. Zhou and Cartwright (2021) [31] demonstrated the use of radon to estimate
baseflow fluxes to an intermittent stream in Victoria, Australia.

While radon is an important tracer for this purpose, radon concentrations alone
are insufficient to separate different groundwater reservoirs. The distinction between
groundwater from more regional aquifers compared to return flow from bank storage or
shorter-term localised perched aquifer systems around the stream is important to determine
in terms of long-term flow sustainability. The radon concentrations in the reservoirs are
only dependant on the amount of uranium/thorium containing minerals or radium and
the emanation rate and not on the residence time of the water once secular equilibrium is
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reached. Therefore, radon concentrations in riverbanks, perched aquifer systems, freshwa-
ter lenses or regional groundwater will be indistinguishable if radium concentrations in the
host material are also the same.

Combining radon with other geochemical tracers such as major ions or stable iso-
topes, may allow the groundwater contributions from relatively short-term reservoirs (e.g.
bank storage) and regional groundwater to be distinguished. Chloride concentrations for
example often increase due to mixing with more evaporation enriched soil waters and
significant increases can only be achieved over thousands of years. Hence, short or medium
term reservoirs should only have small concentrations of chloride in the absence of mixing
compared to some older, regional groundwater.

Here, we investigate the potential interaction of the surface water in waterholes with
groundwater, in particular the potential role that groundwater discharge may play in
waterhole persistence during low flow conditions within the Culgoa, the Narran and
the Barwon-Darling rivers. This study will improve our understanding of groundwater
interactions within waterholes across the Lower-Balonne and Barwon-Darling and inform
modelling the water balances of these waterholes.

1.1. Geographical and Geological Background

The Narran, the Culgoa, the Barwon and the Darling river are part of the greater
Barwon-Darling River system, located in the central northern part of the Murray-Darling
River Basin in the border region between Queensland and New South Wales, Australia
(Figure 1). The Narran and the Culgoa rivers have their headwaters in the Condamine-
Balonne River catchments in Queensland and drain to the west. The Darling River is a
confluent of most importantly the Barwon River and many smaller tributaries in the eastern
and northern part of the Barwon-Darling River system at Brewarrina and also drains to
the west.

The river systems are mostly ephemeral, especially in their upper reaches. They dry up
during increased periods of low or no flow and result in a series of waterholes during times
of drought [13]. The Lower Balonne floodplain system includes the channels, waterholes
and floodplains of the Balonne, Culgoa, Birrie, Bokhara and Narran rivers to the confluence
with the Barwon River in New South Wales (Figure 1). The floodplain systems have been
identified as essential environmental asset [5,32]. The river/floodplain systems have series
of in-channel waterholes, which provide important ecosystem services as habitats and
act as refugia during drought [13]. Episodical in-channel flow events fill the waterholes,
providing enough water to sustain aquatic biota during prolonged no-flow periods. These
waterholes are also important resources of water for local agriculture, town water supplies
and other industries in the region [33].

The rivers in the area are incised in larger floodplains comprised of Tertiary and
Quaternary riverbed sediments. These sediments are underlain by a variety of Palaeozoic
and Mesozoic bedrock formations from the New England Orogen, the Lachlan Orogen and
the Gunnedah Basin [34]. The bedrock consists of consolidated, partly metamorphosed
and fractured marine sand, silt and clay stones and volcanic and igneous intrusions. The
Tertiary and Quaternary sediments provide the main aquifer systems in contact with the
river systems. The aquifers in the western part of the study area along the Darling River
comprise the Cubbaroo Formation (Miociene), the Gunnedah Formation (Pliocene) and the
Narrabri Formation (Quaternary). All formations are terrestrial deposits of fluvio-lacustrine
origin consisting of well sorted, quartzose and lithic sand and fine gravels, interbedded
with predominantly yellow to brown clays [35].
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Figure 1. Locations of the waterholes (i.e., those that retained water after 350 days without flow)
across the study area. (A) Overview of the Culgoa, Narran, Barwon, and Darling Rivers; (B) Sampled
waterholes along the Culgoa River; (C) Sampled waterholes along the Narran River; (D) Sampled
waterholes and groundwater bores along the Darling and Barwon Rivers. The letter/number sequence
GW0XXXXX represents the New South Wales Government Bore number. QLD = Queensland;
NSW = New South Wales; ACT = Australian Capital Territory; VIC = Victoria; TAS = Tasmania;
NT = Northern Territory; WA = Western Australia; SA = South Australia. Coordinates are in longitude
and latitude decimal degrees.
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A semi-arid climate dominates the river catchments with long-term average annual
rainfall of ∼355 mm/year at Bourke, ∼399 mm/year at Cobar and ∼305 mm/year at
Louth [36]. Long-term average rainfall in Bourke indicates generally higher rainfall in the
summer months from November to April, which is in line with the general wet season
patterns in southeast Queensland and northern New South Wales. Temperatures are also
highest during these month and average temperatures range from 18 °C in July to 37 °C in
January. The mean annual evaporation of ∼2400 mm/year, determined at Cobar, greatly
exceeds rainfall for the area.

The area has a low topographic gradient (100/600,000 m) and the rivers developed
large meander bends with flood plains more than 12 km wide. The rivers are deeply incised
in the flat landscape with approximate bank heights of 6–8 m on the Narran and the Culgoa
rivers and more than 10 m in parts of the Darling River [34]. The rivers are highly episodic
with large flow increases during the main runoff events and cessation of flow during dry
seasons, especially in the Narran and the Culgoa, when waterholes develop. This results
in a highly variable flow regime, with significant implications for the way surface and
groundwater interacts, as well as ecosystem dependance and adaptation. The Narran River
ends in a series of terminal lakes, the Narran Lake (Figure 1A,B) and has an approximate
length of 299 km. The Culgoa merges has a length of 489 km and merges with the Darling
east of Bourke. The Bowen–Darling River system has a total length of more than 700 km
and only the eastern and middle sections were investigated here.

1.2. Waterhole Selection and Extent

The waterholes were selected based on spatial distribution, a mix of natural waterholes
and those resulting from weirs (Table 1). Access to waterholes was also an important
consideration as well as choosing waterholes that had information from previous studies,
e.g. Woods et al. (2012) [37]. Many waterholes have been made artificially deeper by
installing weirs, locks and rock walls, which can have heights of up to two metres. Many
weirs were installed almost a century ago and have, over time, become a significant part of
ecosystem resilience in the region [13].

The size of the waterholes is variable across the river systems but generally increases
downstream. Waterholes in the headwater catchments of the Narran and Culgoa rivers
are generally smaller than those along the Darling River. The size of the waterholes was
assessed by remote sensing in a separate study and details of the methodology can be
found in DSITI (2015) [13], Danaher & Collett (2006) [38] and de Vries et al. (2007) [39]. In
brief, surface water was identified on Landsat images for the period between 1988–2015
by using a modification of the Landsat-based Water Index threshold. This was combined
with hydrological discharge data for gauging stations along the river systems to allow
determining a maximum waterhole extent after 30 days of no flow. Waterholes along the
Culgoa River range in size from approximately 0.2 km2 to 1.6 km2. Those along the Narran
River range from 0.4 to approximately 3.1 km2. In comparison, the waterholes along the
Barwon-Darling range in size from 1.4 to 10.8 km2. Maximum waterhole depth is also
variable and ranges from 1.45 to 2.97 m for the Culgoa River and 1.29 to 3.05 m for the
Narran River. Waterhole sizes and depths were not determined for the waterholes in the
Darling River.
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Table 1. Sites in the Culgoa and Narran Rivers. A total of 30 sites, 9 of which had been augmented
with weirs, were selected across the two rivers.

Site Name Latitude Longitude Natural/Weir Pool

Culgoa River
Cubbie −28.61049 147.97784 Natural
Ingie −28.6683 147.80261 Natural
Woolerbilla GS −28.78385 147.63031 Natural
Ballandool −28.90783 147.51321 Natural
Brenda −29.02882 147.26564 Natural
Brenda Weir pool −29.02796 147.31221 Weir pool
Culgoa NP (NSW) −29.18325 147.00017 Natural
Weilmoringle Weir −29.25396 146.92188 Weir pool
Weilmoringle GS −29.24327 146.92389 Natural
Caringle −29.33033 146.82761 Natural
Innisfail −29.50803 146.63242 Natural
Westmunda (Grogan’s Hole) −29.70533 146.62436 Natural
Gurrawarra −29.81595 146.47699 Natural
Lilyfield −29.85022 146.44121 Natural
Warraweena −29.93411 146.32320 Natural
Narran River
Clyde −28.76764 148.08948 Natural
GS422206A −28.84097 148.05302 Natural
Booligar −28.93873 148.08159 Natural
Glenogie −29.07827 148.03789 Natural
Angledool −29.13709 147.94771 Natural
Narrandool −29.19076 147.83507 Natural
Bangate (Sorrento Hole) −29.31740 147.68872 Natural
Bil Bil −29.36072 147.60225 Weir pool
Golden Plains −29.38503 147.57106 Natural
Bomali −29.42910 147.55040 Natural
Belvedere −29.44701 147.52798 Natural
Amaroo −29.53071 147.43658 Natural
Killarney −29.58680 147.41068 Weir pool
Narran Plains −29.67077 147.36882 Natural
Narran Park −29.69681 147.36775 Natural
Darling and Barwon
Barwon Nature Reserve −29.71472 148.42895 Weir pool
Collewaroy −30.06863 147.18817 Weir pool
Summerville −29.96333 146.21512 Weir pool
Jandra (Weir 19a) −30.17973 145.78943 Weir pool
Hell’s Gate −30.29673 145.55720 Weir pool
Akuna −30.40982 145.33432 Weir pool
Weir 20a −30.45682 145.30090 Weir pool
Winbar −30.67888 144.90575 Weir pool
Nangara Bend −30.91258 144.57527 Weir pool
Trevallyn −31.38992 144.00055 Weir pool
Wilga −31.42735 143.92540 Weir pool
Ellendale −31.73642 143.27040 Natural

2. Materials and Methods
This study estimates groundwater inflows to the parts of the Darling and Barwon

rivers, the Culgoa River and the Narran River between Dirranbandi and Lightning Ridge in
the NE to Tilpa, NSW, in the SW, along a total river reach length of approximately 500 km
(Figure 1 and Table 1). The study area is subdivided into upstream sites (the Culgoa River
and the Narran River) and downstream sites (the Darling/Barwon River System) sites.
Discharge data and semi-continuous electrical conductivity (EC) data in the river were used
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for two gauging stations, the gauging station at Brenda and the one at Bourke (Figure 1
and Table 1).

The preliminary mapping of the electrical conductivity (EC) in all representative wa-
terholes of the Narran and the Culgoa River was undertaken during bathymetric survey in
February/March 2015 [13] and had the purpose of finding potential groundwater discharge
regions along the waterholes. A HOBO EC logger (Onset Computer Corporation) was
attached to the front of the bathymetry vessel and programmed to record EC-readings
every 10 s. A handheld GPS unit recorded the location.

Sampling and Analytical Methods

100 surface water samples from 27 representative waterholes along the Narran and
Culgoa Rivers and one groundwater sample from the Narran Park waterhole were taken
in two sampling campaigns during February–March 2015 and May–June 2015 (Table 1).
12 surface water samples from 10 representative waterholes along the Darling River and
8 groundwater samples adjacent to these waterholes were taken on a single campaign in
September 2015 (Table 1). Surface water samples were taken using a sampling pole from
the riverbanks or from a boat on the river by submerging the pole gently under water and
filling the sampling cup close to the riverbed. Groundwater samples were obtained from
New South Wales Department of Primary Industry (NSW DPI) groundwater monitoring
bores by using a SuperTwister groundwater pump after adequate purging of > 5 bore
volumes. The groundwater sample on the Narran River was taken from a bank in the
waterhole by digging a hole of ∼1 m depth and purging it several times. All samples were
prepared for major ion, stable isotope (δ2H and δ18O) and radon analysis.

Electrical Conductivity (EC), dissolved oxygen (DO), pH and Temperature were
measured in the field using a calibrated Thermo-Fisher AquaRead Meter. Major cation
concentrations were analysed filtration through 0.45 µm cellulose nitrate filters and acidi-
fication to pH <2 (in the field) before using a PerkinElmer Optima 7300 DV inductively
coupled plasma-optical emission spectroscopy (ICP-OES) (Advanced Water Management
Centre at the University of Queensland) equipped with WinLab32 for ICP software after
digestion using a CEM Mars Xpress Microwave. 9.0ml of sample added to 1.0 mL concen-
trated HNO3. Samples were ramped for 10 minutes to 160 °C then held for 10 minutes.
Major anion concentrations were analysed using a Thermo-Fisher Dionex ICS2100 Ion
Chromatography System at the Advanced Water Management Centre at the University
of Queensland. Samples with salinities over 300 mg/L total dissolved solids (TDS) were
diluted prior to analysis. The precision of major ion concentrations based on replicate
analyses is 2–5%.

Radon activities in groundwater and surface water were determined using a portable
radon-in-air monitor (RAD-7, Durridge Co.) following methods described by Burnett [40]
and are expressed in Bq/m3 water. 0.5 L of sample was collected by bottom-filling a glass
flask and radon was degassed for 5 min into a closed air loop of known volume. Counting
times were 4 × 30 min for surface water and 4 x 15 minutes for groundwater. Typical
relative precision is b 3% at 10,000 Bq/m3 and ∼10% at 100 Bq/m3. Radon emanation
rates were measured by sealing a known dry weight of sediment in airtight containers with
water for more than 5 weeks by which time the rate of radon production and decay will
have reached steady state. Subsequently, 40 ml of pore water was extracted and analysed
for radon activities using the same method as above, but with counting times of 12 h.

Oxygen and hydrogen isotope ratios were measured on samples that were filtered
and kept in cool in sample containers without headspace. Samples were analysed using
an Isoprime dual inlet isotope ratio mass spectrometer (DI-IRMS) coupled to a multiprep
bench for online analysis at the Stable Isotope Geochemistry Laboratory at the University
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of Queensland. δ2H values were analysed after online equilibration at 40 °C with Hokko
coils. δ18O values were analysed as above, but after equilibration with carbon dioxide.
δ2H and δ18O values (reported in per mil )) were normalised to the standard mean ocean
water (VSMOW-SLAP) scale, following a three point normalisation based on four replicate
analyses of three laboratory standards per analytical cycle. All laboratory standards were
calibrated against International Energy and Atomic Agency (IAEA) (VSMOW, SLAP, GISP)
and USGS (USGS45, USGS46) international water standards. Accuracy and precision were
better than ± 2 for δ2H and ± 0.1 for δ18O at 1σ. Both compositions were measured as
deviations relative to VSMOW.

3. Results
3.1. Narran and Culgoa Rivers

Quantifying groundwater fluxes to rivers using geochemical tracers requires knowl-
edge of the groundwater composition for the tracers used. While groundwater bores
from the local aquifers, river banks and parafluvial zones are used to constrain the ‘end
member’ concentration for the potential groundwater sources, government monitoring
bores in the vicinity of the Narran and Culgoa rivers are rare and weren’t sampled due to
the lack of access. One shallow groundwater/parafluvial zone sample from a sand bank
in the Narran Park waterhole was collected. This parafluvial water had an EC value of
2779 µS/cm and a radon concentration of 10600 Bq/m3. In a regional sense, groundwater
in the major aquifers is expected to have at least Total Dissolved Solids (TDS) >500 mg/L
(equivalent of approximately 780 µS/cm in EC). Groundwater data from the Australian
Bureau of Meteorology [41] indicates a median EC value of 10,000 µS/cm, with a minimum
of 184 µS/cm and a maximum of 89,000 µS/cm (n = 3455).

Sampling locations for radon were based on the results from EC mapping. The EC
values during the mapping exercise were spread over a large range from waterholes with
very low EC values of ∼30 µS/cm at Brenda waterhole, to ∼600 µS/cm at Cubbie wa-
terhole (Table 2). Variability in waterhole EC-values may indicate potential groundwater
discharges to the river due to mixing with the higher saline groundwater under the as-
sumption that no change occurs as a result of nutrients or surface runoff, and tributary
contributions. In perennial streams, the EC (TDS proxy) in rivers is generally expected to
increase downstream due to increasing baseflow from higher salinity aquifer units. The
variability of the EC-values was highest in the Gurrawarra, Golden Plains and Narran Park
waterholes and lowest in Caringle, Weilmoringle Weir and Angledool waterholes. This
only takes into consideration the upper and the lower quartiles. While higher variability
can potentially indicate that the waterholes may have groundwater contributions, robust
trends within the waterholes were not observed, and the variability might instead be the
result of separated pools or contributions from tributaries rather than groundwater con-
tributions. Furthermore, the variability could not be reproduced by hand measurements
at selected points in a later campaign in May/June 2015. The reason for the discrepancy
is likely due to the different discharge conditions during the EC-mapping survey at high
flow (∼2000 ML/Day at Bourke) whereas the spot sampling was conducted at much lower
discharges (∼100 ML/Day at Bourke) (Figure 2).

ECs in the Culgoa and the Narran Rivers range from 77 to 292 µS/cm during the sam-
pling campaign in March/June 2015 (Table 2). The low flow conditions of ∼100 ML/Day
allow a better distinction between the waterholes with respect to their EC content. Gen-
erally EC-values were higher in the Narran than in the Culgoa with values ranging from
101 to 292 µS/cm (median = 194) in the Narran and 77 to 217 µS/cm (median = 124) in the
Culgoa River, respectively. The EC values indicated a small increase along flow paths in
the Culgoa, while the EC increase in the Narran River was more pronounced. The EC in
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the Culgoa River drops from 155 to 96 µS/cm at Innisfalls but increase again towards the
confluence with the Darling River (Figure 3).

Table 2. Results from radon analysis and EC measurements for the waterholes of the Culgoa and
Narran Rivers. A total of 100 samples were collected and analysed for δ18O and δ2H. During the
bathymetric survey (February/March 2015), 33 samples were collected, for which only EC, δ18O, and
δ2H were determined, while the remaining 67 were also measured for radon.

Sample Type River Date Radon
(Bq/m3)

EC
(µS/cm) δ18Oh δ2Hh

Ballandool sw Culgoa 12/06/2015 133.33 151.4 −0.07 0.15
Ballandool sw Culgoa 10/03/2015 N/A 139.4 −0.19 −2.84
Brenda sw Culgoa 10/03/2015 N/A 140.0 −0.31 −3.45
Brenda Waterhole sw Culgoa 13/06/2005 174.43 162.8 0.73 3.12
Brenda Waterhole-1 sw Culgoa 12/06/2015 158.74 109.8 0.52 −0.63
Brenda Waterhole-2 sw Culgoa 12/06/2015 169.34 135.9 0.31 1.14
Brenda Waterhole-3 sw Culgoa 12/06/2015 156.33 131.8 0.20 0.32
Brenda Waterhole-4 sw Culgoa 12/06/2015 159.64 105.9 0.22 −0.05
Brenda Waterhole-5 sw Culgoa 12/06/2015 166.40 105.2 0.21 −0.22
Brenda Waterhole-6 sw Culgoa 12/06/2015 205.38 106.5 0.20 0.13
Brenda Waterhole-7 sw Culgoa 12/06/2015 177.30 96.8 0.19 −0.95
Brenda Waterhole-8 sw Culgoa 12/06/2015 182.01 125.5 0.05 0.81
Brenda Weirpool sw Culgoa 11/02/2015 N/A 137.7 −0.63 −4.19
Caringle sw Culgoa 26/02/2015 N/A 126.5 −1.73 −10.16
Cubbie sw Culgoa 10/06/2015 158.55 147.6 −0.56 −1.42
Cubbie sw Culgoa 18/02/2015 N/A 107.5 −2.24 −10.13
Culgoa sw Culgoa 12/03/2015 N/A 150.5 0.03 −3.68
CulgoaNP-1 sw Culgoa 13/06/2015 128.64 167.8 2.53 8.60
CulgoaNP-2 sw Culgoa 13/06/2015 169.21 172.5 2.51 7.66
CulgoaNP-3 sw Culgoa 13/06/2015 200.61 143.7 2.55 7.78
CulgoaNP-4 sw Culgoa 13/06/2015 172.33 142.3 2.63 9.96
Gurrawarra sw Culgoa 15/03/2015 N/A 203.0 1.74 4.30
Ingie sw Culgoa 17/02/2015 N/A 108.0 −2.36 −10.12
Ingie-1 sw Culgoa 26/05/2015 40.13 112.0 −0.43 -2.75
Ingie-2 sw Culgoa 26/05/2015 42.74 124.0 −0.43 -2.16
Ingie-3 sw Culgoa 26/05/2015 76.97 123.0 −0.45 −0.55
Ingie-3 sw Culgoa 26/05/2015 59.96 217.0 −0.43 −3.22
Innisfal sw Culgoa 14/03/2015 N/A 125.6 −0.06 −0.47
Innisfall-1 sw Culgoa 29/05/2015 66.25 96.0 −3.09 −14.84
Innisfall-2 sw Culgoa 29/05/2015 76.47 84.0 −3.18 −16.28
Innisfall-3 sw Culgoa 29/05/2015 69.94 85.0 −3.07 −15.32
Innisfall-4 sw Culgoa 29/05/2015 53.75 87.0 −3.08 −16.12
Lillyfield sw Culgoa 15/03/2015 N/A 201.0 1.79 3.81
Lilyfield-1 sw Culgoa 29/05/2015 53.75 79.0 −2.68 −15.05
Lilyfield-2 sw Culgoa 29/05/2015 90.83 77.0 N/A N/A
Lilyfield-3 sw Culgoa 29/05/2015 71.89 79.0 N/A N/A
Lilyfield-4 sw Culgoa 29/05/2015 48.21 78.0 −2.75 −14.93
Warraweena sw Culgoa 15/03/2015 N/A 198.8 1.62 3.45
Weilmoringie Weir sw Culgoa 12/03/2015 N/A 150.4 −0.31 −3.04
Weilmoringle Weir-1 sw Culgoa 14/06/2015 124.10 122.9 2.13 4.16
Weilmoringle Weir-2 sw Culgoa 14/06/2015 165.61 142.8 N/A N/A
Weilmoringle Weir-3 sw Culgoa 14/06/2015 119.08 140.8 2.65 8.93
Weilmoringie Weir-4 sw Culgoa 13/06/2015 234.81 195.2 2.16 6.38
Weilmoringle Station sw Culgoa 12/03/2015 N/A 146.7 −0.01 −3.28
Westmunda sw Culgoa 13/06/2015 114.72 97.8 −2.26 −12.19
Westmunda sw Culgoa 14/03/2015 N/A 143.0 0.19 −1.60
Woolerbilla sw Culgoa 17/02/2015 N/A 110.1 −2.38 −10.46
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Table 2. Cont.

Sample Type River Date Radon
(Bq/m3)

EC
(µS/cm) δ18O h δ2H h

Woolerbilla-1 sw Culgoa 13/06/2015 N/A 161.1 −0.34 −1.43
Woolerbilla-2 sw Culgoa 13/06/2015 N/A 163.3 −0.29 −0.38
Woolerbilla-3 sw Culgoa 13/06/2015 N/A 164.3 −0.24 −0.74
Amaroo sw Narran 13/05/2015 N/A 156.8 2.04 6.18
Amaroo-1 sw Narran 28/05/2015 114.86 274.0 4.79 19.32
Amaroo-14 sw Narran 28/05/2015 84.86 290.0 4.82 18.39
Amaroo-15 sw Narran 28/05/2015 79.44 289.0 4.81 18.29
Amaroo-17 sw Narran 28/05/2015 114.44 283.0 4.79 18.86
Amaroo-2 sw Narran 28/05/2015 78.33 285.0 4.75 18.57
Amaroo-20 sw Narran 28/05/2015 115.14 292.0 4.79 18.48
Bangate sw Narran 21/02/2015 N/A 150.1 −0.52 −0.48
Belvedere sw Narran 22/02/2015 N/A 164.8 0.04 1.19
BilBil sw Narran 21/02/2015 N/A 158.5 −0.23 0.24
Bomali sw Narran 22/02/2015 N/A 170.9 0.03 0.02
Bomali-2 sw Narran 16/06/2015 225.54 191.8 1.96 8.04
Bomali-3 sw Narran 16/06/2015 201.95 194.8 4.03 14.02
Booligar sw Narran 13/06/2015 116.27 156.7 0.35 1.37
Booligar sw Narran 20/02/2015 N/A 119.5 −2.05 −10.99
Clyde sw Narran 19/02/2015 N/A 101.6 −2.22 −11.00
Clyde 1 sw Narran 11/06/2015 176.42 104.6 −0.06 −1.80
Clyde 2 sw Narran 11/06/2015 170.87 101.2 −0.22 −2.48
Clyde 3 sw Narran 11/06/2015 155.99 101.1 −0.22 −2.51
Glenogie sw Narran 20/02/2015 N/A 124.0 −1.84 −11.00
GoldenPlains sw Narran 24/02/2015 N/A 165.9 −0.09 −1.36
GSA22206A sw Narran 19/02/2015 N/A 107.6 −2.16 −12.13
GSA22206A-1 sw Narran 26/05/2015 40.13 122.0 −0.57 −2.53
GSA22206A-2 sw Narran 26/05/2015 110.97 119.0 −0.49 −2.68
GSA22206A-3 sw Narran 27/05/2015 135.97 115.0 −0.61 −3.30
GSA22206A-4 sw Narran 26/05/2015 57.28 114.0 −0.59 −2.11
Kilarney sw Narran 13/03/2015 N/A 200.0 1.59 6.84
Killarny-10 sw Narran 15/06/2015 203.77 165.7 3.55 13.95
Killarny-12 sw Narran 15/06/2015 203.22 211.0 3.54 14.03
Killarny-13 sw Narran 15/06/2015 142.18 213.0 3.62 14.93
Killarny-5 sw Narran 15/06/2015 215.23 211.0 4.40 17.01
Killarny-6 sw Narran 15/06/2015 269.79 190.2 4.12 16.10
Killarny-7 sw Narran 15/06/2015 207.73 164.2 3.82 15.14
Killarny-8 sw Narran 15/06/2015 238.00 213.0 3.55 14.15
Killarny-8 sw Narran 15/06/2015 142.08 N/A N/A N/A
Killarny-9 sw Narran 15/06/2015 225.29 165.2 3.53 14.11
Narran Park 7 sw Narran 27/05/2015 N/A 250.0 N/A N/A
Narran Park 8 sw Narran 27/05/2015 93.19 253.0 4.59 18.29
Narran Park 9 sw Narran 27/05/2015 101.53 247.0 4.29 18.50
Narran Park 10 sw Narran 27/05/2015 79.96 251.0 4.24 16.80
Narran Park 12 sw Narran 27/05/2015 81.90 248.0 4.21 17.06
Narran Park 13 sw Narran 27/05/2015 95.28 244.0 4.42 18.44
Narran Park-bank gw Narran 27/05/2015 2779.17 10,600.0 4.22 16.53
Narran Plains sw Narran 15/06/2015 234.98 233.0 5.14 18.27
Narrandool sw Narran 24/02/2015 N/A 141.2 −0.95 −6.04
Narrandool-1 sw Narran 14/06/2015 187.04 184.6 1.99 6.51
Narrandool-2 sw Narran 14/06/2015 182.22 125.7 2.12 4.49
Narrandool-3 sw Narran 14/06/2015 208.59 127.5 N/A N/A
NarranPark sw Narran 23/02/2015 N/A 185.6 0.64 4.97
NarranPlains sw Narran 23/02/2015 N/A 184.1 0.57 −5.57
Goodooga Rain rain Rain 26/05/2015 N/A 81.0 −2.63 −9.51
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Figure 2. Discharge of the Culgoa River at Brenda.

Radon concentrations in the rivers ranged from 40 to 269 Bq/m3 (median = 139)
and radon concentrations were slightly higher in the Narran River than the Culgoa River,
ranging from 40 to 269 Bq/m3 and 40 to 234 Bq/m3, respectively. Similar to the EC values,
radon concentrations also increased downstream in both rivers (Figure 3B). The radon
concentrations also dropped at Innisfalls in the Culgoa River but increased again before the
Culgoa merges with the Darling River. There was a general trend that radon concentrations
increased when EC also increased (Figure 4A,B).

Stable isotope ratios of δ18O ranged from −3.18 to 5.14h and −16.28 to 19.32h for
δ2H. Most isotope values were similar between the Culgoa and the Narran River with the
only difference that the most downstream samples on the Narran were strongly enriched
with δ18O values in between 4 and 6h and δ2H values between 12 and 20h. The stable
isotope values all plot along an evaporation trend (Figure 5A,B) with three major groupings.
The first group is relatively depleted and plots close to the local meteroric water line, which
is representative of rainfall. The second group has a slight evaporation signature with more
enriched values, which is emphasised in the Culgoa River (Figure 5A). The third group
indicates strong evaporation with highly enriched values.

The waterholes along the Narran River generally showed a trend towards higher
enrichment downstream (Figure 3C). The stable isotope values were a lot more variable in
the Culgoa and dropped towards much more depleted values at Innisfalls, which is in line
with radon and EC values. There is a clear trend between the EC and stable isotope values,
e.g., δ18O, in both rivers (Figure 6A,B) and the three groups with increasing enrichment
correspond to increasing EC values.

3.2. Darling River

Along the Darling River, 12 surface water samples and 8 groundwater samples were
taken at the end September 2015. The sample locations were predetermined from previous
work by the NSW DPI Water. The locations are summarised in Table 1. Weir 19A was
not part of the original sampling strategy but was included after reviewing a report on
the salt interception scheme around Weir 19A (Glen Villa) [42]. Two aquifers were also
targeted for sampling: the shallow Narrabri Formation (10 to 25 m depth) and the deeper
Gunnedah Formation (30 to 50 m depth) (Table 3). The EC values were variable in the
Narrabri formation with fresh groundwater of 541 µS/cm in bores B36842-1 and 377 µS/cm
in B36853-1, but brackish to saline water with values of 12,700 µS/cm in B36937-1 and
34570 µS/cm in B56852-1. There was less variability in the groundwater bores in the
Gunnedah formation with mostly saline groundwater in bores BB36852-2, B36937-2 and
B36853-2 (EC= 35,089 to 40,370 µS/cm) with the exception of bore B36842-2, which had
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an EC of 1976 µS/cm (Table 3). Radon concentrations in the groundwater bores were
orders of magnitude higher than in the surface water ranging from 74.5 to 13,236.1 Bq/m3

with a median concentration of 3769.4 Bq/m3. Bores with relatively fresh groundwater,
Bore B36842-1 and B36853-1, also had reasonably high radon concentrations of 5343.8 and
13,236.1 Bq/m3, respectively.

Figure 3. (A) Electrical conductivity values, (B) radon concentrations, and (C) δ18O values along the
flow paths for all rivers.
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Figure 4. (A) Radon concentrations and EC values for water samples from the Narran River.
(B) Radon concentrations and EC values for water samples from the Culgoa River. The increas-
ing symbol size represents the increasing distance in the flow direction.

Figure 5. Stable isotopes δ18O and δ2H for the water samples from the Narran (B) and
Culgoa (A) Rivers. All samples follow an evaporation trend (black dashed line). The Cobar lo-
cal meteoric water line (black dashed line) from Meredith [20] and the Brisbane local meteoric water
line (grey dashed line) are shown for reference. The symbol size increases with the distance from the
most upstream sites.

Figure 6. (A) δ18O and EC values for water samples from the Culgoa River. (B) δ18O concentrations
and EC values for water samples from the Narran River. The increasing symbol size represents the
increasing distance in the flow direction.
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Table 3. Data obtained from 12 surface water samples and 8 groundwater samples along the Darling
River from Brewarrina to the west of Tilpa.

Sample Type Date EC
(µS/cm) T°C DO

(mg/L)
Radon

(Bq/m3) δ18Oh δ2 Hh

Sommerville sw 28/09/15 12:00 395 20.3 8.9 56.1 −1.67 −13.28
Jandra sw 28/09/15 14:00 347 22.7 10.12 47.7 −2.95 −19.12
Hells Gate upstream sw 28/09/15 17:00 499 21.7 10 73.5 −2.60 −18.63
Hells Gate downstream sw 28/09/15 17:00 504 20.2 9.72 65.9 −2.57 −18.24
Akuna sw 29/09/15 07:40 474 17.9 6.99 102.2 −1.32 −8.62
Weir 20A sw 29/09/15 08:30 453 18.3 7 83.8 −1.62 −10.21
Winbar sw 29/09/15 11:20 495 18.8 8.68 37.1 −1.12 −8.78
Nangara Bend sw 29/09/15 12:00 459 20.5 8.9 22.1 −0.81 −7.90
Trevallyn sw 29/09/15 14:00 350 21 8.4 43.4 −1.14 −7.84
Wilga sw 29/09/15 14:40 348 19.6 8.02 38.3 −1.10 −7.43
Weir 19A downstream sw 10/01/15 08:00 309 18.1 9.37 23.8 −2.84 −19.64
Weir 19A upstream sw 10/01/15 08:00 310 17.7 6.84 28.2 −2.95 −19.88
B36842-1 gw 29/09/15 16:00 541 23.3 0.14 5343.8 −3.54 −28.48
B36842-2 gw 29/09/15 16:00 1976 23.2 0.4 74.5 −3.64 −29.24
B36852-1 gw 30/09/15 09:30 34,570 23.9 0.38 6739.6 −4.04 −31.45
B36852-2 gw 30/09/15 09:30 35,120 24 3.7 4687.5 −3.69 −29.24
B36937-1 gw 30/09/15 13:30 12,700 24.4 0.11 2905.2 −4.85 −35.17
B36937-2 gw 30/09/15 13:30 40,370 24.4 0.1 1318.8 −4.16 −32.50
B36853-1 gw 10/01/15 09:15 377 23.8 0.11 13,236.1 −3.45 −25.24
B36853-2 gw 10/01/15 09:15 35,089 23.9 1.37 178.8 −4.12 −31.88

River water EC ranged from 309 to 504 µS/cm and radon concentration were very low,
ranging from 22.09 to 102.19 Bq/m3 at the time of sampling in September 2015 (Figure 7).
EC values increased downstream from the confluent of the Darling River with the Culgoa
River and reached a peak west of Louth, peaking at Winbar with a value of 495 Bq/m3,
after which they declined again. Radon values are also highest in the area between Weir
19A and Louth (Figure 3A,B). Radon concentrations along the Darling River were generally
low, ranging from 22.1 to 102.2 Bq/m3 with a median value of 45.6 Bq/m3 (Table 3 and
Figure 7). The highest activity also occurred close to Louth, however, further upstream
than the highest EC value. At Akuna, radon concentrations peaked at 102.2 Bq/m3.

Figure 7. Radon and δ18O along the flow path on the Barwon and Darling Rivers from Summerville
to Wilga. Sample numbers indicate locations.

The stable isotopes values of groundwater from both formations had average δ18O
and δ2H of −3.93h and −30.39h, respectively (Figure 8), which are close to local and
regional long-term rainfall [20]. River δ18O and δ2H values ranged from −2.95 to −0.81h
and −19.88 to −7.84h, respectively. The lowest, most depleted values occurred in between
Brouke and Louth (Figure 3C).
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Figure 8. Stable isotope compositions for δ18O and δ2H for the samples collected from the Barwon
and Darling Rivers, as well as the groundwater samples collected from the Gunnedah Formation
(grey) and the Narrabri Formation (black). All samples show an evaporation trend (orange = surface
water; grey = groundwater). The Cobar local meteoric water line (black dashed line) from Meredith
et al. (2015) [20] and the Brisbane local meteoric water line (grey dashed line) are shown for reference.
The symbol size for the surface water samples increases with distance from the most upstream sites.

4. Discussion
The objective of this study was to assess potential groundwater contributions to

inland ephemeral streams in central east Australia. While ephemeral streams are often
disconnected from regional groundwater, there are circumstances where regional aquifers
intersect the river bed through up-coming strata (e.g., basement highs) or fault connectivity.
More importantly, intermediate and transient storage in floodplain lenses or river banks
plays an important role in sustaining flows throughout periods of declining flow. It is
thought that these reservoirs also contribute to waterholes, sustaining these vital water
reservoirs, which provide abundant ecosystem services in arid and semi-arid regions [11].

Here, we investigated potential groundwater contributions to waterholes along the
Narran, Culgoa and Darling rivers to inform waterhole persistence modelling and provide
insights on the importance of the groundwater component in the water balance. Geochemi-
cal tracers were chosen as groundwater bores are not easily accessible, have a lack of data or
are often too far away from the waterholes to provide information on transient connectivity
with groundwater. The focus here was primarily on isotopic tracers, such as stable isotopes
and radon, as well as the electrical conductivity of water, which is a proxy for its salinity.
This is based on the assumption that tracer concentrations are distinctly, if not orders of
magnitude, different between the reservoirs (i.e. waterhole, rainfall, regional groundwater,
freshwater lens or bank storage). When, for example, water from one reservoir, e.g., river
water, contains a very low concentration of a tracer and receives water from a different
reservoir, e.g., groundwater, with a high concentration of that tracer, the spatially distinct
or temporally transient increase of the tracer in the first reservoirs then indicates mixing
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and therefore contributions from the second reservoir. This principle was applied here to
qualitatively determine the extend of groundwater connectivity to the waterholes in the
selected river systems.

The conditions during sampling for this study did not represent no-flow conditions
and flow had not completely ceased. Higher rainfalls in early months of the year resulted
in high discharge, which had declined by the time the sampling took place (Figure 2).
However, it is reasonable to assume that these flow peaks lead to recharge into the river
banks and the floodplains.

4.1. Characterisation of the Reservoirs

Groundwater in the regional aquifers has often high salinities from brackish to hyper
saline conditions. This is relatively widespread in shallow aquifer systems in the Murray-
Darling Basin [43]. Radon concentrations in the regional aquifer is generally high as well.

Freshwater lenses often develop around the river systems and form an half cylindrical
freshwater reservoir on top of the saline groundwater (Figure 9) [28]. The principle is
analogous to freshwater lenses in coastal and island settings, where the lens expands or
contracts depending on freshwater recharge conditions [44,45]. The water chemistry is
often characterised by minor salinity increases compared to the river water it was recharged
from and similar stable isotope values. The slight increase in salinity can stem from minor
water/rock interactions or mixing with the adjacent saline groundwater. The one distinct
difference to the original river water are in general higher radon concentrations due to the
fast equilibration time (secular equilibrium) between radium and radon. While no bores in
the freshwater lens were sampled, examples from the region support the assumptions for
this study [27,44].

River bank storage is arguably part of a freshwater lens but it may also occur in regions
where freshwater lenses are absent. One could distinguish the two by modes of recharge,
where river banks are possibly more often recharged directly through the upper parts of
the river bed and banks during in-channel flows and floods, whereas freshwater lenses are
recharged mainly through flooding of the floodplain.

The waterholes are generally filled by events but some filling from local rainfall can
occur. They are depressions in river bed topography that hold larger volumes of water
than the rest of the channel. The water chemistry is often close to that of rainfall. Salinity
is slightly increased from minor rock-water interactions, salt dissolution during runoff
processes and nutrient transport from runoff. The stable isotope composition is also similar
to rainfall unless significant evaporation occurs, which is seen in the waterholes along
the Culgoa, the Narran and the Darling rivers. Radon concentrations are low as rainfall
contains insignificant radon, compared to groundwater, and if present, radon tends to
evade quickly from surface water bodies due to the low solubility.

Figure 9. Concept of river and waterhole processes with groundwater reservoirs.
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4.2. Groundwater Connectivity Along the Culgoa, Narran, and Darling Rivers Waterholes

Along the Narran River EC-values in Amaroo, Killarney and Narrandool were highest.
While this is potentially an indication of groundwater contributions to the waterholes,
radon values for the waterholes suggest that Narrandool, Narran Park, Bomali and some
parts of Killarney may also have some groundwater contributions (indicated by higher
radon values combined with higher EC-values), but this is not the case for Amaroo and
the rest of Killarney (Figure 4A, Table 2). Higher radon concentrations but low EC may
be the result of water contribution from parafluvial zone or from bank return flow where
salinities are low but radon can accumulate to secular equilibrium levels [28]. However,
these rivers have not developed large parafluvial zones compared to, for example, braded
river systems, and bank return flow would be the most likely source. While some samples
have slightly elevated radon concentrations in combination with low EC (e.g., Ballandool,
Booligar, Wesmunda), groundwater fluxes on the basis of the radon concentrations would
only be small (Figure 4A), considering that diffusive fluxes from the riverbed are likely
to be similar to the lowest values detected for each waterhole. Higher EC values on the
Culgoa River occurred at Culgoa National Park and Weilmoringle Weir with slightly higher
radon concentrations ranging from 128 to 200 and 119 to 182 Bq/m3, respectively. There
is the possibility of small groundwater inflow or bank return flow to these waterholes
(Figure 4B).

Groundwater is one potential cause of increasing salinities in rivers, and evaporation
is another, especially when flow ceases. Stable isotopes δ18O and δH fractionate during
evaporation and the residual water becomes enriched in both isotope pairs. The stable
isotope ratios of the water samples from the waterholes followed an evaporation trend,
which progressed towards more enriched values along the flow path of the Narran and the
Culgoa rivers (Figure 5A,B). The most enriched values were found at Killarney, Amaroo
and Narran Park with δ18O of +5.14h and δ2H of 19.32h. These waterholes also had the
highest EC-values and lowest radon, which in the case of Killarney and Amaroo suggests
that the salinity increase is not resulting from groundwater discharge to the river but is best
explained by evaporation. The waterholes with possible groundwater contribution on the
Culgoa River, Culgoa National Park and Weilmoringle Weir, also had high stable isotope
ratios indicating significant evaporation and subsequent increases in salinity. Regional
groundwater is believed to have much more depleted stable isotope values, which is
inferred from values obtained in the Darling River groundwater bores and reported by
Meredith et al. (2015) [20] (δ18O of ∼−1.5h and δH of ∼−30h, [20]; δ18O of −3.9h and
δ2H of −30.4h, data obtained during this study from bores on the Darling flood plains).
Hence, groundwater discharge to the river would not only increase the EC and radon
concentrations but would also mix the highly enriched stable isotope surface water values
with more depleted groundwater isotope values. This should result in more depleted
isotope values. The three isotope clusters in Figure 5A,B are an indication that this may
happen. The middle cluster represents waterholes where the mixing between slightly
higher saline and enriched water and low salinity with depleted isotope values occurs,
which is also in line with the EC–δ18O relationship observed in Figure 6A,B.

The results from the Darling river are very different compared to the headwater
streams, the Culgoa and the Narran rivers. EC values remain more constant and radon val-
ues are significantly lower along the Darling. Here, information on groundwater chemistry
from the bores is valuable for the conceptualisation of the system. B36842-1 is located close
to Tilpa close to Glen Villa (Weir 19A). It’s low EC value of 541 µS/cm indicates a freshwa-
ter lens or multiple fresh water lenses in the proximity of the river, which is in line with
descriptions on Cooper Creek by Cendon et al. (2020) [18] and some parts of the Murray
River in Cartwright et al. (2011) [27]. The extent of these lenses is only know in areas where
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bore data exist or geophysical surveys were conducted, such as airborne electromagnetic
(AEM) data, but alluvial sediment heterogeneities and bedrock topography may be key
factors influencing the geometry of a lens or lenses. Bores B36937 and B36853 are within
the vicinity of the Upper Darling salt interception scheme, which is indicated as an area of
preferential groundwater discharge to the Darling River [42]. D’Hautefeuille and Williams
(2003) [42] reported a lens being present in the area and that the fresh lens recharges from
the stream at higher flows >4500 ML/Day. It subsequently requires extended periods of
low flow to deplete this freshwater lens to the extent that saline groundwater then reaches
the river.

During the sampling in September 2015 river flow was not at its minimum with
flow still exceeding 400 ML/Day, but much lower than the 4500ML/Day reported by
D’Hautefeuille and Williams (2003) [42]. The river water during this period was still
very fresh and the low radon concentrations indicate little groundwater inflow. Low
radon groundwater in the Gunnedah formation is also not likely to feed the river as the
salinity would increase drastically if this groundwater discharged to the river. Despite
groundwater fluxes not being of great importance, the steep increase of EC and radon after
Weir 19A towards Hells Gate and Louth indicates small groundwater fluxes to the river
at this location whereas all the locations further downstream appear to be rather losing
or neutral (Figure 7). The source of this groundwater, however, is probably not from the
extended fresh water lens but could be from the regional groundwater system in this case,
as described in D’Hautefeuille and Williams (2003) [42] and Meredith et al. (2015) [20].
However, the increase in stable isotopes, for example, δ18O, at Weir 19A towards Nangara
Bend indicates that water with more enriched stable isotope ratios is discharged to the
river. If regional groundwater was the main contributing reservoir, then δ18O ratios would
be expected to fall towards more depleted values (Figure 7). Contributions from local
bank return flow or small evaporated parafluvial zones could potentially be the source
of this water. For the study sites further downstream from Weir 19A, where EC values
decline again, contributions from the freshwater lens or bank return flow may lead to
dilution, however, radon values remain low. Another like source of additional fresh water
are tributaries that would potentially add water with low EC and low radon.

5. Conclusions
In summary, radon concentrations were generally very low in all the river systems.

This is in line with other studies on inland, low topography river systems. While some
waterholes show evidence for possible minor groundwater contributions due to slightly
increased radon concentrations and higher EC-values compared to locations upstream and
downstream, some of the salinity increase needs to be attributed to evaporation. Generally,
groundwater contributions appear to be very small, especially during the sampling period
of this study. Given the sampling was after floods and extended in-channel flows, it
may suggest that at other, drier times (e.g. during extended drought) when waterhole
persistence is most vital to the ecosystems they support, that GW influence on persistence
is likely less important because there will not be any bank storage or parafluvial water left
to drain into waterholes.

Much of the stable isotope and major ion data suggests that the surface water chemistry
is dominated by evaporation, however, some changes cannot be explained by evaporation
only. The strong influence of evaporation was also previously suggested driving the
increases in EC and the enrichment in δ18O [46]. The radon data, however, indicated
some connectivity to groundwater, for example, at the locations along the Narran River
where the EC and radon increase simultaneously. This may indicate some interaction with
groundwater and/or bank storage further upstream. No significant groundwater fluxes
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occurred along the Darling at the time of sampling apart from the area around Weir 19A,
where groundwater connectivity was postulated earlier.

While groundwater was not a major contributor to the waterhole balance at the time
of sampling, it may become more important during droughts. The reservoirs that are most
important for ecosystem services are the freshwater lenses and the riparian river banks.
They contain and provide low salinity water to the ecosystems during no-flow periods.
How long the water in the banks last is still mostly is still a major knowledge gap and
needs some further studies. Howcroft et al. (2019) [47] suggested residence times of river
bank storage of several month if not longer for the Barwon River in Victoria, which is in a
similar environment as the rivers here.

The lack of background groundwater information within the river reaches of interest
places a large constraint on the ability to interpret groundwater interaction processes
within these rivers. Likewise, the lack of surface water quality or gauging data restricts
the water balance constraints that can be undertaken to verify the geochemical tracer work.
These important factors need to be carefully considered in attempting to interpret both
the inferred groundwater interaction processes presented here, as well as the confidence
that can be placed in them. A further limitation to the study was the time of sampling.
Sampling after prolonged dry periods would have been more beneficial, however, this was
not possible due to logistical and funding constraints.

Geophysical investigations, such as AEM or electrical resistivity tomography (ERT)
can be beneficial tools to monitor freshwater lenses and possibly also be used to constrain
the transient nature of these system.

Waterhole persistence is an important part of ecological health surveys. These surveys
feed into water policies, plans and management strategies. Ecosystems compete over
the resource with anthropogenic interests, such as agriculture, town supply and other
industries. Understanding the basic requirements for ecosystems to survive extended
periods without significant flow is therefore of paramount importance for consideration in
water management.
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